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I 
ABSTRACT 
 
Synthesis of structural binder for brick production based on red mud and fly ash 
activated using Ca(OH)2 and Na2CO3 
 
by 
 
SoonYong KIM 
 
 
Master of Science in Engineering 
 
Ulsan National Institute of Science and Technology 
 
 
 
 
 
 
 
 
This paper explored the effectiveness of red mud and fly ash as precursor materials to produce an 
environment-friendly high strength brick product using a Ca(OH)2 and Na2CO3 activation. Overall, 
despite the inclusion of up to ~ 81% of red mud and fly ash, 7-day strengths were developed ~ 17-
34MPa; this was high enough to be used as a structural binder for brick production. In particular, the 
use of NaOH was very effective in increasing flowability, and, more importantly, early strength in the 
red mud-CNF blended system, despite the red mud inclusion, because NaOH greatly improved the 
degree of reaction of the system, resulting in more C-S-H formation as well as significant pore size 
refinement at early days of curing. Trial bricks were also prepared to examine possible toxicity due to 
the inclusion of red mud and fly ash using the toxicity characteristic leaching procedure (TCLP) test.  
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1. INTRODUCTION 
 
1.1. Research Backgrounds 
 
Red mud is a waste by-product of the Bayer process, which refines aluminum ore (bauxite) to produce 
alumina (Al2O3) using caustic soda (NaOH). From this refinery process, red mud is generated. Red mud 
is an insoluble solid that shows high alkalinity (pH = ~ 10-12.5) due to residual sodium hydroxide [1]. 
 Generally, two tons of bauxite yield approximately one ton of alumina and one to two tons of red 
mud residue [2]. In this process, approximately 120 million tons of red mud are being generated 
worldwide annually, and 2.7 billion tons have been accumulated globally up to 2011 [3]. However, 
disposal or utilization of this enormous amount of red mud has been restricted because of serious 
hazardous environmental concerns.  
Over the past decades, studies primarily focused on (1) neutralizing red mud in pH to discard at 
dumping sites or recycling it without attention to safety issues [4-6], (2) utilizing the alkaline nature of 
red mud [7, 8], (3) recovering valuable metals from red mud deposits [9-14], or (4) using red mud as a 
construction material [15-18]. Pera et al. (1997) added red mud to concrete mixture to produce colored 
concrete [19], and Kumar et al. (2013) manufactured paving blocks with red mud [20], while Yang 
(2008) produced red mud bricks [21]. In some studies, red mud was also used to increase the durability 
of concrete or to prevent corrosion of steel bars [22-24]. Other studies added red mud into geopolymer 
systems along with fly ash or metakaolin [25-27] and produced good results. 
Several studies incorporated high Ca containing red mud into ground granulated blast furnace slag 
(GGBFS) systems to manufacture alkali-GGBFS-red mud cement (ASRC) [28-30]. These studies 
demonstrated the potential of red mud sludge as a construction material in ASRC because it caused high 
early and ultimate strengths with good durability against chemical attack. However, in most other 
research, the use of red mud showed poor workabilities and reduced compressive strengths [31-35].  
Red mud is not considered an ideal material for construction, mainly because of its very fine particle 
sizes, high pH, and high iron content [20]. In addition, red mud from different source locations tend to 
possess different material characteristics (e.g., chemical composition, mineral phases, or water content) 
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[36]. For instance, the red muds in Korea usually have relatively low CaO (~ 3%), high Fe2O3 (~ 32%), 
and high Al2O3 (~ 25%), while those in China show relatively high CaO (~ 39%), low Fe2O3 (~ 9%), 
and low Al2O3 (~ 7%) [28-30]. Accordingly, the technologies for red mud developed in one nation may 
not be suitable for use in others. Therefore, it has been difficult to determine a universal way to consume 
large volumes of red mud worldwide.  
 
1.2. Research Objectives 
 
This paper investigated the possible use of the red mud of Korea as a precursor raw material for 
producing a cementless blended binder of fly ash and red mud using a Ca(OH)2-Na2CO3-activated fly 
ash system [37]. If the use of red mud can develop comparable compressive strength to that of portland 
cement, red mud may be used as a substitute for cement. This study also introduced ways of enhancing 
the flowability of fresh mixture and compressive strength development in the fly ash-red mud 
cementless binder system. To this end, compressive strength testing, X-ray fluorescence (XRF), power 
X-ray diffraction (XRD), thermogravimetric analysis (TGA), mercury intrusion porosimetry (MIP), and 
scanning electron microscopy (SEM) were performed. 
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2. MATERIALS AND METHODS 
 
2.1. Red mud and fly ash 
 
Raw red mud slurry was obtained from the KC Corporation (Samho-eup, Jeollanam-do, Korea). It 
was three months old with 32% moisture content. Fly ash Class F (fly ash) was obtained from the Ha-
dong power plant in Korea. Oxide chemical compositions of red mud and fly ash were assessed using 
an XRF spectrometer (S8 Tiger wavelength dispersive spectrometer; Bruker, Billerica, MA, USA). The 
XRD patterns for red mud and fly ash were collected using a high-power X-ray diffractometer 
(D/MAX2500V/PC; Rigaku, Tokyo, Japan) with an incident beam of Cu-Kα (λ = 1.5418Å) radiation 
for a 2θ scanning range of 5˚ to 60˚. The acquired data were analyzed with the PANalytical X’pert 
HighScore Plus program [38] with the International Center for Diffraction Data (ICDD) PDF-2 database 
[39] and the Inorganic Crystal Structure Database (ICSD) [40] to identify mineralogical compositions. 
The particle size distributions of raw materials were also examined using a laser scattering particle size 
analyzer (HELOS (HI 199) and RODOS; Sympatec, Clausthal-Zellerfeld, Germany).  
TGA was conducted on dried powder of raw red mud in nitrogen gas at a heating rate of 10 °C /min 
from 25 °C to 1,010 °C employing a thermal analyzer (SDT Q600; TA Instruments, New Castle, DE, 
USA) with an alumina pan.  
 
2.2. Preparation of samples 
 
Three different groups of mixture proportions were prepared (Table 1). The water content in raw red 
mud slurry (i.e., 32% wt.) was also included in the calculation of water-to-binder ratio (w/b); thus, 
although slurry state of red mud was used in all the mixing process, the weights of red mud in Table 1 
were the weight portions of dried red mud powder. 
The basic binder of all the mixtures was a mixture powder of Ca(OH)2 (= C), Na2CO3 (= N), and fly 
ash (= F) (denoted CNF powder) with a weight ratio of C:N:F = 4.30:1.00:14.70. The CNF powder is a 
cementless binder of a Ca(OH)2-activated fly ash system [37] that showed significant compressive 
strength without the use of portland cement and a costly alkali-activator (e.g., NaOH, waterglass). 
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The first group (Group 1) was used to investigate the influence of the incorporation of red mud on 
strength development. The weight ratio of red mud was varied from 10% to 30%. Four different types 
of paste samples were prepared as follows: (1) a paste of CNF powder (denoted RM0040N0); (2) red 
mud 10% wt. + CNF powder 90% wt. (denoted RM1940N0); (3) red mud 20% wt.+ CNF powder 80% 
wt. (denoted RM2840N0), and (4) red mud 30% wt. + CNF powder 70% wt. (denoted RM3740N0). 
The second group (Group 2) had a w/b ratio as a variable to examine the effect of water content on 
material properties of hardened pastes. The sample RM2840N0 was used as a control sample in Group 
2. The w/b was increased while the other components were kept at the same ratio: (1) red mud 20% wt. 
+ CNF powder 80% wt. with 0.40 w/b (denoted RM2840N0); (2) red mud 20% wt. + CNF powder 80% 
wt. with 0.44 w/b (denoted RM2844N0); and (3) red mud 20% wt. + CNF powder 80% wt. with 0.48 
w/b (denotedRM2848N0).  
In the last group (Group 3), sodium hydroxide (NaOH) was used as an alkaline additive to increase 
flowability of fresh mixture and compressive strength enhancement. In this group, four different types 
of pastes were prepared. The RM2840N0 sample was used as a control sample, while sodium hydroxide 
was incorporated with 1%, 3%, and 5% wt. in the other three samples: (1) red mud 20% wt. + CNF 80% 
powder wt. denoted RM2840N0); (2) red mud 20% wt.+ CNF 80% powder wt. + NaOH 1% wt. 
(denoted RM2840N1); (3) red mud 20% wt. + CNF powder 80% wt. + NaOH 3% wt. (denoted 
RM2840N3); and (4) red mud 20% wt. + CNF powder 80% wt. + NaOH 5% wt. (denoted RM2840N5).  
In all of the mixture proportions, a retarder (0.5% of total binder weight) was included to prevent 
quick setting. The w/b was set to 0.40 for most samples, except for two samples RM2844N0 and 
RM2848N0 in Group 2 that used 0.44 and 0.48, respectively. 
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Table 1: Description of mixture proportions. 
Group Label 
Binder 
w/b 
(wt. 
ratio) 
Testing 
Red 
mud 
(wt.%) 
CNF powder (wt.%) 
NaOH 
(wt.%) 
Fly 
ash 
Ca(OH)2 Na2CO3 C X T M S B L A 
1 
RM0040N0 0.00 73.50 21.50 5.00 0.00 0.40 ● ● ● ● ●    
RM1940N0 10.00 66.15 19.35 4.50 0.00 0.40 ●        
RM2840N0 20.00 58.80 17.20 4.00 0.00 0.40 ● ● ● ● ●    
RM3740N0 30.00 51.45 15.05 3.50 0.00 0.40 ●        
2 
RM2840N0 The same sample as RM2840N0 in Group 1 
RM2844N0 20.00 58.80 17.20 4.00 0.00 0.44 ●        
RM2848N0 20.00 58.80 17.20 4.00 0.00 0.48 ● ● ● ● ●    
 RM2840N0 The same sample as RM2840N0 in Group 1 
3 
RM2840N1 20.00 58.80 17.20 4.00 1.00 0.40 ●        
RM2840N3 20.00 58.80 17.20 4.00 3.00 0.40 ●        
RM2840N5 20.00 58.80 17.20 4.00 5.00 0.40 ● ● ● ● ● ● ● ● 
Note. C: compressive strength test; X: XRD, T: TGA, M: MIP; S: SEM; B: trial brick, L: leaching test, 
A: water absorption test; ●: test conducted. In all mixtures, the weight sum of red mud and CNF powder 
was 100% wt. 
 
In all experiments, red mud slurry and deionized (DI) water were first mixed for 2 min in a 
mechanical mixer. Then, CNF powder was added to the mixer for an additional 3 min. In the cases of 
the RM2840N1, RM2840N3, and RM2840N5 samples, NaOH was added to red mud slurry with water 
before mixing with CNF powder. Three identical fresh pastes were cast in 5 × 5 × 5cm cubic molds for 
each mixture proportion for the compressive strength tests, and they were manually compacted to 
remove trapped air voids at room temperature (approximately 21°C). Then, the casted samples were 
cured at 60 °C at 99% relative humidity for different periods (3, 7, and 28 days) until tested.  
For XRD, TGA, MIP and SEM experiments, all samples were subjected to a solvent-exchange 
method using acetone for XRD and TGA or isopropyl alcohol for MIP and SEM to cease further 
reactions [41].  
For XRD and TGA tests, fractured pieces of samples after the compressive strength tests were 
collected and finely ground.  
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For MIP measurement, 5 × 5 × 5mm cubic pieces (125mm3 volume) were obtained from the central 
inner part of hardened samples, and they were immersed in isopropyl alcohol for four weeks to prevent 
further hydration. After four weeks, the samples were dried in a vacuum desiccator for two days to 
eliminate any residual solvent inside of the samples.  
To prepare SEM samples, after stopping further reaction, at 28 days, hardened samples were saw-cut 
into 2 mm-thick pieces using a precision saw. The cut samples were impregnated with EPO-TEK epoxy 
resin under vacuum at room temperature for one day. Then, the samples were polished using a EcoMet 
250 grinder-polisher (Buehler, USA) with a final grit of 1/4 μm of diamond polishing compounds to 
take back-scattered electron (BSE) images. The polished sections were coated with osmium before SEM 
testing. 
To examine any possible influence of the use of NaOH on morphology or material characteristics of 
raw red mud particles during the mixing process, additional two samples were prepared for SEM BSE 
analysis: (1) raw red mud (denoted RM) and (2) red mud treated with NaOH (denoted RM+NaOH). To 
prepare the first sample (RM), 20.0g of raw red mud powder and 20.0g of D.I. water were simply mixed; 
however, for the second sample (RM+NaOH), 1.0 g of NaOH was added and incorporated into the 
duplicate sample of RM before mixing. Immediately after full mixing at room temperature, these 
samples were dried in an oven at 100 °C for 24 hours, and then the dried powders were mounted by 
mixing with epoxy resin. After 24 hours, the mounted samples were sectioned by a precision saw and 
polished to conduct SEM analysis in the same way as the preparation of the earlier SEM BSE samples 
in this study.  
Trial bricks were produced using a representative mixture, RM2840N5, with dimensions of 190 × 
90 × 57 mm to estimate according to the standard specifications for concrete building bricks: American 
Society for Testing and Materials (ASTM) C5511 [42] and C140 [43]. The bricks were cured at 60 °C 
at 99% relative humidity for 7 days. For leaching test, the hardened brick samples were sectioned to 
pieces smaller than 9 mm, according to the toxicity characteristic leaching procedure (TCLP) of the US 
Environmental Protection Agency (EPA) [44].  
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2.3. Testing of samples 
 
To examine the effect of increasing contents of red mud (Group 1), water (Group 2) and NaOH (Group 
3) on the flowability (or mixability) of fresh pastes, visual inspection and mini-slump tests were 
performed for selected fresh pastes. Mini-slump tests were conducted according to American Society 
for Testing and Materials (ASTM) C1437 [45]. Each fresh paste was fully packed into a conical mold 
(bottom inner diameter = 100mm, top inner diameter = 70mm, and height = 50mm), and then the mold 
was removed. Immediately after removing the mold, the table was tapped 25 times for 15 seconds, and 
then the average diameter was obtained after measuring four times. 
Compressive strengths were measured on triplicate specimens for each mixture at 3, 7, and 28 days. 
After each compressive strength test, XRD, TGA, MIP and SEM tests were carried out for the samples 
RM0040N0, RM2840N0, RM2848N0, and RM2840N5 as these were representative samples for each 
group seen in Table 1. 
After compressive strength testing, XRD patterns were recorded using a high-power X-ray 
diffractometer (D/MAX2500V/PC; Rigaku, Tokyo, Japan) with an incident beam of Cu-Kα (λ = 
1.5418Å) radiation for a 2θ scanning range of 5 °C to 60 °C  The collected patterns were analyzed with 
the PANalytical X’pert HighScore Plus program [38] with the International Centre for Diffraction Data 
(ICDD) PDF-2 database [39] and the Inorganic Crystal Structure Database (ICSD) [40] to identify 
mineralogical phases.  
TGA was performed on the ground powder samples in nitrogen gas under a heating rate of 10 °C/min 
from 25 °C to 1,010 °C employing a thermal analyzer (SDT Q600; TA Instruments, New Castle, DE, 
USA) with an alumina pan.  
To estimate pore size distributions and cumulative pore volumes, a mercury intrusion porosimeter 
(AutoPore IV 9500; Micromeritics, Norcross, GA, USA) was used for MIP measurement.  
To take SEM BSE images of the polished samples, an ultra-high resolution field emission scanning 
electron microscopy (FE-SEM) (Hitachi S-4800; Hitachi, Tokyo, Japan) equipped with energy 
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dispersive X-ray spectroscopy (EDS) was used. In the BSE imaging analysis, line scanning and 
elemental mapping were utilized.  
A leaching test was carried out on the prepared brick samples according to the toxicity characteristic 
leaching procedure (TCLP) of the US Environmental Protection Agency (EPA) [44]. Inductively 
coupled plasma optical emission spectroscopy (ICP-OES) (Varian 700-ES, Walnut Creek, USA) was 
used to determine the concentrations of As, Ba, Cd, Cr and Pb.  
To determine water absorption of the produced bricks, which is an important property of brick 
product, the 7-day cured bricks were immersed in water for 24 hours at 22°C. After 24 hours, the 
saturated weights were measured after the bricks were placed on the coarser wire mesh to drain for 60 
seconds. Subsequently, the samples were oven-dried for 1 week, and the oven-dry weight were recorded 
according to ASTM C5511 [42] and C140 [43]. 
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3. RESULTS AND DISCUSSION 
 
3.1. Characterization of raw red mud and fly ash 
 
Table 2 shows the oxide chemical compositions of raw red mud and fly ash. Usually, lists of chemical 
elements in red muds are generally similar regardless of source locations, but their proportions differ 
widely from source to source [36, 46]. The red mud in this study consisted mainly of Fe2O3, Al2O3, and 
SiO2, and the weight percent of SiO2 + Al2O3 + Fe2O3 accounted for 75.7% of the total weight. Compared 
to other sources of red mud in literature [36, 46], the red mud in this study had relatively small Fe2O3 
and CaO contents, but rather large contents of Al2O3, SiO2, and Na2O. Fly ash in this study showed 84% 
of SiO2 + Al2O3 + Fe2O3 in the total composition; thus, it was classified as Class F according to the 
ASTM C618 [47].  
 
Table 2: Chemical composition of raw red mud and raw fly ash. 
Oxide Red mud (Weight %) Fly ash (Weight %) 
Fe2O3 31.20 9.10 
Al2O3 25.50 22.60 
SiO2 18.99 52.30 
Na2O 13.85 1.80 
TiO2 6.79 1.30 
CaO 2.39 6.20 
SO3 0.35 - 
P2O5 - 1.90 
MgO - 1.80% 
LOI 11.17 1.70 
 
Figure 1 presents the experimental XRD patterns of raw red mud and raw fly ash. Mineralogical 
compositions of these raw materials were assessed using the X'pert High-Score Plus [38]. In red mud, 
hematite (Fe2O3), quartz (SiO2), natrodavyne (3NaAlSiO4∙Na2CO3), anatase (TiO2), and boehmite 
(Al2O3∙H2O) were the main constituents of the mineralogical phases, while main phases of fly ash were 
quartz (SiO2), mullite (3Al2O3∙2SiO2 or 2Al2O3∙SiO2), hematite (Fe2O3), and magnetite (Fe3O4).  
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(a) 
 
(b) 
Figure 1: XRD patterns of raw red mud and fly ash (▼: unidentified peaks). 
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The particle size distributions of red mud and fly ash are presented in Figure 2. As the distribution 
plots show, the median particle size of red mud was noticeably smaller than that of fly ash.  
 
 
(a) 
 
(b) 
Figure 2: Particle size distributions of (a) red mud and (b) fly ash. 
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Figure 3: TGA and derivative thermogravimetry (DTG) curves of raw red mud. Each label 
indicates possible weight loss due to decomposition of boehmite (BM) [48], natrodavyne (ND) [49, 
50], calcite (Cal) [37, 51], and gibbsite (GB) [52].  
 
 Figure 3 shows the TGA/DTG result that exhibits the weight losses of mineral phase constituents of 
natrodavyne, boemite, calcite and gibbsite in red mud. The other phases identified in XRD (anatase, 
quartz, and hematite) were not detected because temperature ranges of their thermal decomposition 
were beyond the instrumental limit (1,000˚C) of this study. 
 
3.2. Flowability and compressive strength development 
 
Figure 4 and 5 show the results of visual inspection and mini-slump tests of fresh pastes. The higher 
content of red mud noticeably lowered the flowability. When red mud content was lower than 10% (i.e., 
RM0040N0, RM1940N0) the fresh pastes were easily mixed. However, the fresh pastes with more than 
20% red mud (i.e., RM2840N0, RM3740N0) showed a significantly lower flowability.  
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Figure 4: Visual inspection of flowability (or mixability) of representative mixtures.  
 
.    
                   (a)                     (b)                       (c)  
Figure 5: Flowability testing results of (a) RM2840N0 and (b) RM2848N0 by mini-slump tests. 
The pastes of (c) RM0040N0 and RM2840N5 overflowed. 
 
The pastes were noticeably more flowable with w/b ratio increased from 0.40 to 0.48 (Figure 4). 
Average diameters of RM2840N0 (w/b = 0.40) and RM2848N0 (w/b = 0.48) were measured as 166.3 
and 193.8mm, respectively; thus, a 20% increase in w/b ratio produced ~ 17% of diameter increase. 
Whereas, adding NaOH produced more of an improvement of flowability than the increase of the w/b 
ratio. For instance, the paste of RM2840N5 overflowed the measurement table in the mini-slump test 
(see RM2840N5 in Figure 4). 
 
 
 
 
  
 
RM2840N5, RM0040N0  
Overflowed 
14 
 
Table 3: Results of compressive strength testing. 
Sample label 
Compressive strength (MPa) (standard deviation) 
3 days 7 days 28 days 
RM0040N0 14.0 (0.2) 37 (2) 41 (4) 
RM1940N0 16.8 (0.1) 31 (2) 38 (4) 
RM2840N0 8 (1) 23.5 (0.8) 34.8 (0.3) 
RM3740N0 2 (1) 23 (2) 33 (3) 
RM2844N0 10.1 (0.5) 20 (3) 28 (2) 
RM2848N0 10 (1) 17 (1) 22.5 (0.3) 
RM2840N1 11.78 (0.09) 30 (3) 36 (2) 
RM2840N3 17 (4) 30 (3) 37 (3) 
RM2840N5 26.4 (0.9) 34 (3) 35 (1) 
 
 
(a) 
  
(b)  
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(c) 
Figure 6: Compressive strength development of hardened pastes: (a) influence of red mud content, 
(b) influence of w/b ratio, and (c) influence of NaOH content. 
 
All compressive strength testing results of hardened paste samples are summarized in Figure 6 and 
Table 3. As the data shows, the compressive strength disployed a tendency to decrease when more red 
mud was incorporated; however, its reducing effect decreased as curing days increased. For instance, 
RM0040N0 (0% red mud) showed ~ 75% higher strength than that of RM2840N0 (20% red mud) at 3 
days, but it presented only a ~ 18% greater strength at 28 days. 
It is well known that generally the higher water content causes the lower compressive strength [53]. 
However, when the flowability of fresh paste during mixing is very low, adding water might be 
beneficial to the compressive strength, possibly due to the increased mixability. As shown in Figure 
6(b), after increasing the water content from w/b = 0.40 to 0.44 and 0.48, not only the mixability of the 
mixtures was enhanced, but also the early strengths at 3 days were slightly increased compared to that 
of w/b = 0.40. However, the compressive strengths at 28 days were more influenced by the negative 
effect of increased w/b ratio than the degree of improved mixability. In Table 3, the compressive 
strength at 28 days almost linearly decreased with increased w/b.  
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The addition of NaOH largely improved strength development at 3 and 7 days, but the improvement 
nearly disappeared at 28 days. In particular, the 3-day compressive strength of RM2840N5 was 
considerably increased. 
 
3.3. XRD 
 
Figure 7 represents XRD patterns of RM0040N0, RM2840N0, RM2848N0, and RM2840N5 at 3 
and 28 curing days. In the samples without red mud (RM0040N0), quartz (SiO2), mullite (3Al2O3∙2SiO2 
or 2Al2O3∙SiO2), magnetite (Fe3O4), and hematite (Fe2O3) were seen at 3 and 28 days, but these were 
the original phases of raw fly ash. In addition, calcium hydroxide [Ca(OH)2], calcite (CaCO3), and 
calcium silicate hydrate (C-S-H) peaks were found. Generally, in an alkali-activated Class F fly ash 
system, geopolymer forms instead of C-S-H as a main reaction product due to low Ca content [54, 55] . 
However, in RM0040N0, C-S-H was mainly produced from the reaction of amorphous SiO2 of fly ash 
with Ca(OH)2 (about 15% – 20% by weight), similar to the earlier study [37]. No geopolymeric product, 
which generally manifests itself in a form of amorphous hump in XRD, was found.  
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(d) 
Figure 7: Integrated powder X-ray diffraction patterns of (a) RM0040N0, (b) RM2840N0, (c) 
RM2848N0, and (d) RM2840N5 at 3 and 28 curing days.  
 
In all the samples with red mud (i.e., RM2840N0, RM2848N0, and RM2840N5) in Figure 7, most 
of identified phases were already present in the raw materials (i.e., red mud and fly ash) such as hematite 
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(Fe2O3), quartz (SiO2), natrodavyne (3NaAlSiO4∙Na2CO3), boehmite (Al2O3∙H2O), mullite 
(3Al2O3∙2SiO2 or 2Al2O3∙SiO2), calcite (CaCO3), and anatase (TiO2). Mineralogical phases of these 
samples were very similar to those of RM0040N0; C-S-H and calcite were observed and residual 
calcium hydroxide was identified. Although, similar to class F fly ash, red mud lacked the Ca content 
to produce C-S-H, the C-S-H formation was observed in these samples due to the considerable use of 
Ca(OH)2.  
Overall, in the XRD patterns of all the samples with red mud, the phases at 3 days were also found 
at 28 days; however, one distinct difference between 3- and 28-day cured samples was the peak 
reduction of Ca(OH)2 in XRD (Figure 8). The reflection intensities of Ca(OH)2 in these samples at 28 
days were significantly smaller than those at 3 days; this implies that Ca(OH)2 was consumed in the 
curing process. 
In this study, C-S-H and calcite were possible candidates that might form from the consumption of 
Ca(OH)2 in the curing process [37]. In particular, calcite formed from the instant reaction of Na2CO3 
with Ca(OH)2 before 3 days; however, because there was no visible change in calcite peaks after 3 days 
in Figure 8, most Ca(OH)2 was likely used for C-S-H formation after 3 days. Thus, the different degree 
of Ca(OH)2 reduction implies the different extent of C-S-H formation after 3 days.  
The degrees of reaction could be compared between the samples by comparing the intensities of 
Ca(OH)2 reflections in XRD at a specific curing day. It is worth noting that RM2840N5 showed 
relatively smaller intensities of Ca(OH)2 peaks at 3 days compared to those of other samples (i.e., 
RM2840N0 and RM2848N0). In fact, RM2840N5 had a smaller content of Ca(OH)2 than those of the 
other samples in its original mixture proportion because NaOH was additionally added to RM2840N0 
(Table 1); thus, the smallest peaks of Ca(OH)2 in RM2840N5 at 3 days might not be abnormal; however, 
even considering the initial content of Ca(OH)2, the reflection intensities of Ca(OH)2 of RM2840N5 
were much smaller than those of the other samples at 3 days, and thus more C-S-H was likely formed 
in RM2840N5 at 3 days. This interpretation was also consistent with the strength testing results, which 
demonstrated a 2.6 times higher strength of RM2840N5 compared to that of RM2840N0 at 3 days. 
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From this observation, we may conclude that NaOH addition promoted early C-S-H formation through 
quick consumption of Ca(OH)2.  
 
 
Figure 8: Diminished calcium hydroxide peaks with a progress of curing days in hardened pastes. 
CH: Ca(OH)2; CC: calcite. 
 
3.4. TGA 
 
Figure 9 shows the TGA and DTG results of RM0040N0, RM2840N0, RM2848N0, and RM2840N5 
pastes.  
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According to previous TGA/DTG studies [37, 51, 56], the weight loss below 200°C mainly indicated 
the loss of interlayer water in C-S-H when Al2O3-Fe2O3-mono (AFm) and Al2O3-Fe2O3-tri (AFt) phases 
were not present in cementitious material; the loss around 400-450 °C pointed to the dehydration of 
Ca(OH)2; and the loss near 650-750 °C showed the decomposition of CaCO3. Thus, the relative weights 
of C-S-H, Ca(OH)2, and CaCO3 can be approximately compared using their DTG peak areas.  
In all the samples, the DTG peaks of C-S-H largely increased from 3 to 28 days, while Ca(OH)2 peaks 
were markedly reduced. This observation supports the earlier conclusion that Ca(OH)2 was mainly 
consumed in reaction (i.e., C-S-H formation) after 3 days [57].  
Although the reduction of CaCO3 was not clearly seen in XRD, it was evidently observed in DTG. 
This shows that CaCO3 might instantly form by the reaction of Na2CO3 with Ca(OH)2 before 3 days, 
but, after 3 days, CaCO3 was consumed by chemical reaction (probably C-S-H formation) up to 28 days. 
Note that RM0040N0 displayed the largest DTG peak of residual Ca(OH)2 at 28 days despite its 
largest strength development (most likely for large C-S-H formation); however, this is not abnormal 
because the mixture of RM0040N0 contained the largest initial content of Ca(OH)2 in the mixture 
proportion (Table 1).  
The DTG peaks of C-S-H in RM0040N0 were larger than those of RM2840N0 at all days. This 
explains the greater strengths of RM0040N0 over those of RM2840N0 at all days. 
RM2840N5 exhibited significantly larger DTG peaks of C-S-H than those of RM2840N0 at all days. 
In particular, when the 3-day DTG peaks were compared, the considerable difference of C-S-H content 
was easily recognizable between these two samples. Thus, the 5 wt. % of NaOH addition produced a 
greater quantity of C-S-H at the same ratio of red mud content and w/b. In addition, the DTG peak size 
of Ca(OH)2 was also noticeably smaller in RM2840N5 when compared to that of RM2840N0. These 
observations are consistent with the XRD results that adding NaOH increased the reaction degree [i.e., 
larger extent of C-S-H formation and Ca(OH)2 consumption] at an early age, and as a result, a higher 
early compressive strength was achieved in RM2840N5. 
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 (a) 
 
(b) 
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(c) 
 
 (d)  
Figure 9: TGA/DTG curves of (a) RM0040N0, (b) RM2840N0, (c) RM2848N0, and (d) RM2840N5 
at 3 and 28 days. The gray shades designate decomposition temperature ranges of C-S-H, 
Ca(OH)2, and CaCO3, respectively. 
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3.5. MIP 
 
Figure 10 shows the pore size distributions of hardened samples using MIP. The results illustrate 
that there was a notable reduction in overall pore sizes (i.e., pore size refinement) from 3 to 28 days in 
most samples, except the sample that contained NaOH (i.e., RM2840N5); when NaOH was 
incorporated, there was an insignificant change in the pore size distribution between the 3- and 28-day 
samples. It is known that the large sizes of capillary pores are more influential on strength than small 
pores, which are mainly related to shrinkage [53]. Thus, a larger volume of pores of large size tends to 
reduce compressive strength. Therefore, the strength testing results in Figure 6 are generally consistent 
with the MIP results. 
 
  
(a) 
 
(b) 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.001 0.01 0.1 1 10 100 1000
C
u
m
u
la
ti
v
e
 I
n
tr
u
s
io
n
 (
m
L
/g
)
Pore size diameter (μm)
RM0040N0 at 3 days
RM0040N0 at 28 days
Total porosity
- 39.2% at 3 days
- 34.2% at 28 days
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.001 0.01 0.1 1 10 100 1000
L
o
g
 d
if
fe
re
n
ti
a
l 
in
s
tr
u
s
io
n
 (
m
L
/g
)
Pore size diameter (μm)
RM0040N0 at 3 days
RM0040N0 at 28 days
Average pore size
- 17.1nm at 3 days
- 11.4nm at 28 days
Large size of pores 
at 3 days
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.001 0.01 0.1 1 10 100 1000
C
u
m
u
la
ti
v
e
 I
n
tr
u
s
io
n
 (
m
L
/g
)
Pore size diameter (μm)
RM2840N0 at 3 days
RM2840N0 at 28 days
Total porosity
- 48.4% at 3 days
- 41.3% at 28 days
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.001 0.01 0.1 1 10 100 1000
L
o
g
 d
if
fe
re
n
ti
a
l 
in
s
tr
u
s
io
n
 (
m
L
/g
)
Pore size diameter (μm)
RM2840N0 at 3 days
RM2840N0 at 28 days
Removal of pores 
at this size of 
range at 3 days
Average pore size
- 16.9nm at 3 days
- 11.4nm at 28 days
27 
 
 
(c) 
 
  
(d) 
Figure 10: Pore size distributions from MIP testing results of (a) RM0040N0, (b) RM2840N0, (c) 
RM2848N0, and (d) RM2840N5. 
 
After 20% wt. of red mud was incorporated to replace a portion of CNF powder (RM2840N0 in 
Table 1) without changing any other material contents, several changes in the pore size distribution at 
3 days were observed by comparing Figure 10(a) and (b) as follows: (1) particular size range of pores 
from 0.1 to 3µm were removed, possibly due to the filling effect of fine particles of red mud because 
65% of the red mud consisted of fine particles with size range of 0.5-3µm; (2) the fraction of small 
pores below 0.5µm at 3 days significantly increased, probably due to the decreased flowability (or 
mixability) of the paste; and (3) the total porosity was increased from 39.2% to 48.4%. At 28 days, 
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although RM2840N0 also showed pore size refinement to some extent with curing time, its total 
porosity was still significantly larger than that of RM0040N0. 
The RM2848N0 sample with added water (w/b = 0.48) showed a similar differential curve profile to 
that of RM2840N0 (w/b = 0.40) at 3 days, but, despite the increased water content, its total porosity 
(34.2%) was noticeably smaller than that of RM2840N0 (48.4%) at 3 days, probably due to the 
improved paste mixability of RM2848N0. Accordingly, the reduced total porosity of RM2848N0 was 
most likely responsible for the higher strength of RM2848N0 (~ 10MPa) than that of RM2840N0 (~ 
8MPa) at 3 days. However, RM2848N0 was the only sample whose total porosity increased from 3 to 
28 days, and this increased porosity was related to the lowest strength of RM2848N0 because it was the 
highest value among the measured porosities in this study. 
The comparison of 28-day pore size distributions between RM2840N0 and RM2840N5 in Figure 10 
revealed that the use of NaOH only negligibly affected the pore size distribution and total porosity at 
28 days. However, the NaOH addition had a great impact on the 3-day pore size distribution because it 
considerably reduced overall pore sizes; this pore-size refinement should be related to the highest 3-day 
strength of RM2840N5 (~ 26.4MPa) among samples. As mentioned earlier, there was little change in 
the pore-size distribution of RM2840N5 between 3 and 28 days. Despite the small temporal change in 
pore sizes in RM2840N5, the strength increased ~33% from 3 to 28 days. Thus, the influential degree 
of the pore size refinement was not exclusively decisive on strength development, although it was 
significant. 
 
3.6. SEM 
 
Figure 11 shows the BSE images of polished sections of RM0040N0, RM2840N0, RM2848N0, and 
RM2840N5 at 28 days. Overall, their microstructures were heterogeneous with numerous round and 
angular particles, which were probably unreacted fly ash and red mud particles, respectively. Note that 
many cracks with widths of 0.1-0.5µm were observed in Figure 11; however, it seems that most of 
these cracks were not present in the samples before the SEM sample preparation, but rather they formed 
during vacuum drying as there were very few pores which had size ranges between 0.1-0.5 µm in the 
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MIP results at 28 days. Therefore, ignoring these cracks from interpretation of the SEM images seems 
reasonable.  
 
 
(a) 
  
(b) 
 
(c) 
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(d) 
Figure 11: BSE images of (a) RM0040N0, (b) RM2840N0, (c) RM2848N0, and (d) RM2840N5 at 
28 days. 
In general, areas with heavier elements are generally seen as brighter than ones with lighter elements 
in BSE images, and thus pores or cracks are seen as dark regions. Although the samples with red mud 
had high fractions of the heavy element Fe due to the high Fe2O3 content of raw red mud (~ 31.2 wt. % 
of Fe2O3 in Table 2), these samples were not brighter than that of the sample without red mud.  
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(d) 
Figure 12: Elemental line scanning results of (a) RM0040N0, (b) RM2840N0, (c) RM2848N0, and 
(d) RM2840N5 on the regions of A to D, respectively, in Figure 11 at 28 days. 
 
Figure 12 shows the results of elemental line scanning by using EDS measurement on the magnified 
BSE images (i.e., A to D) in Figure 11. Sodium, magnesium, potassium, calcium, aluminum, silicon, 
iron, and titanium were selected for the line scanning based on the XRF results of raw red mud and raw 
fly ash. The results are presented as multiple plots with a horizontal axis of location and a vertical axis 
of elemental concentration. In all the samples, the concentrations of Si, Al, and Ca elements were 
relatively high because raw fly ash was mainly composed of Si and Al, and a considerable weight of 
Ca(OH)2 was used as a main activator. In contrast, the concentrations of Na, Mg, Fe, and Ti were 
relatively low.  
In RM0040N0 [Figure 12(a)], the concentrations of the major elements (Ca, Al, and Si) were 
proportionally related to each other in the line scanning result on matrix. The high proportionality 
implies that hydration products with these elements possibly formed. Among these elements, particular 
attention needs to be paid to the relationship between Ca and Si because these elements are the main 
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constituents of C-S-H, as found in the XRD results. The proportionality of Al with Si might indicate 
that some portion of Si was replaced with Al in C-S-H [58]. Thus, the hydration product in RM0040N0 
was likely to be Al-substituted C-S-H. 
On the other hand, although Ca, Al, and Si in RM2840N0 [Figure 12(b)] were not as strongly 
proportional in the matrix as those of RM0040N0, they still showed proportionality. Thus, it is still 
reasonable that C-S-H formed as well, but the amount of C-S-H might be reduced compared to 
RM0040N0; this is supported by the TGA result.  
In the line scanning result of RM2848N0 [Figure 12(c)], there was an area of red mud in the left end 
of the scanned line, and thus the other area apart from red mud (i.e., matrix) must be used for 
interpretation. The scanning result that showed the proportionality between Ca, Al and Si also indicate 
C-S-H formation in matrix. 
In the matrix area of RM2840N5 in Figure 12(d), Ca, Al, and Si were also highly proportional to 
each other similar to the other samples implying C-S-H formation, but the concentration of Na was 
much higher than those of the other samples because additional NaOH was incorporated into the 
samples. 
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(a) 
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(c) 
Figure 13: BSE images of (a) raw read mud (RM), red mud treated with NaOH [RM+NaOH, 
weight ratio of NaOH/(red mud) = 0.05], and their elemental mapping images [(b) and (c)]. 
 
Figure 13 displays the elemental mapping results on the BSE images of raw red mud (RM) and 
treated red mud with NaOH (RM+NaOH) to examine the possible influence of NaOH on red mud 
particles. The BSE images in Figure 13(a) indicate no particular difference in morphology and size 
between RM and RM+NaOH. Thus, the use of NaOH during mixing was not likely to deform the shapes 
of red mud particles. However, there were significant changes in the elemental distributions of Ca, Ti, 
and Fe after adding NaOH. In the RM sample, these elements were agglomerated [Figure 13(b)]; 
however, in the RM+NaOH sample, all these elements were very well dispersed [Figure 13(c)]. This 
visible dispersion of elements is likely the result of the increased flowability of fresh paste of 
RM+NaOH because its preceding condition is the increased flowability that allows these elements to 
be well mixed. If the elements were more dispersed during mixing, it would be more advantageous to 
have a higher reaction degree, resulting in enhancing compressive strength at early days. Thus, we may 
conclude that adding NaOH to red mud slurry helped the elements to be well dispersed, and as a result, 
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strength development at early days (e.g., 3 days) was enhanced through the improved reaction degree 
as seen in RM2840N5. 
 
3.7. Trial brick production and tests 
 
Trial bricks were produced using a representative mixture, RM2840N5, with dimensions of 190 × 
90 × 57 mm as shown in Figure 14 and the standard tests of TCLP and water absorption for brick 
products were conducted. The result of water absorption test for the trial brick was 18.50% in wt. 
 
 
Figure 14: Produced trial brick sample (RM2840N5) with dimensions of 190 × 90 × 57 mm. 
 
Table 4: Measured concentrations of targeted elements of trial brick (RM2840N5) and criterion 
levels of TCLP. 
Element 
Criterion levels of TCLP regulation 
(mg/L) 
Concentrations of tested brick 
samples (mg/L) 
As 5.0 -0.002uv 
Ba 100.0 0.229 
Cd 1.0 0.000 
Cr 5.0 0.002 
Pb 5.0 0.007 
 
The leaching test result, which followed the toxicity characteristic leaching procedure (TCLP), for 
the brick samples, 7 day-cured RM2840N5, are summarized in Table 4. As the table shows, all targeted 
toxic elemental concentrations were much lower than the regulatory levels of TCLP. 
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4. Conclusion 
 
This paper investigated the possibility of red mud as a raw material for producing cementless blended 
binder for strong brick production using a Ca(OH)2-Na2CO3-activated fly ash binder system. This study 
also presented several ways of enhancing the flowability of the fresh mixture and compressive strength 
development in the system. Overall, although the replacement of red mud up to 30% largely reduced 
early strengths and flowabilities compared to those of the original binder without red mud, the 7- and 
28-day strengths were still high enough to be used as a structural binder for brick production. This study 
also demonstrated that the use of NaOH was very effective in increasing flowability and early strength 
in the red mud-CNF blended system despite the red mud inclusion because NaOH greatly improved the 
reaction degree of the system, resulting in more C-S-H formation as well as significant pore size 
refinement, at early days. The detailed conclusions made were the following: 
1. The red mud in this study mainly consisted of Fe2O3, Al2O3, and SiO2 (SiO2 + Al2O3 + Fe2O3 > 75.7 
wt. %). Compared to other sources of red muds in literature, the red mud in this study had relatively 
small Fe2O3 and CaO contents, but rather large contents of Al2O3, SiO2, and Na2O. Main mineral 
phases in this red mud were hematite, quartz, natrodavyne, sodalite, anatase, and boehmite. Overall 
particle size of red mud was much smaller than that of fly ash in this study. 
2. As contents of red mud increased, flowability (or mixability) showed a tendency to considerably 
decreased and the compressive strength disployed a tendency to decrease in this study; however, 
as curing days progressed, the decreased strength was recovered to almost the same strength as 
that of the sample without red mud. 
3. The higher water content improved flowability (or mixability), but it largely lowered 28-day 
strength; however, it enhanced the early compressive strength at 3 days mainly due to the improved 
mixability. 
4. The addition of NaOH largely increased the flowability and it improved early strengths of the 
samples with red mud before 7 days, but the strength improvement was nearly lost at 28 days. The 
addition of 5% NaOH increased the strength more than 3 times, and even 1% NaOH addition 
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showed approximately 1.5 times higher early strength at 3 days than that of the sample with 0% 
NaOH addition. 
5. The XRD and TGA results showed that C-S-H was the main reaction product and no geopolymeric 
product was found in all the samples. As more red mud was incorporated, the less Ca(OH)2 was 
consumed, resulting in less C-S-H formation. However, by adding NaOH, the reaction degree was 
greatly improved at early days despite the inclusion of red mud; Ca(OH)2 was rapidly consumed 
and more C-S-H quickly formed.  
6. In MIP, after red mud was included, fine red mud particles instantly removed pores with a size 
range of 0.5-3µm by the filling effect; however, the fraction of smaller sizes of pores below 0.5 
µm and total porosity were somewhat increased. 
7. The increased w/b temporarily produced a decreasing effect on the total porosity at 3 days, 
probably due to the increased paste mixability, resulting in slightly improved 3-day strength; 
however, the total porosity turned was the largest among samples at 28 days. 
8. The addition of NaOH had a great impact on the 3-day pore size distribution as it generated 
remarkable pore-size refinement, which, however, disappeared at 28 days.  
9. The BSE images on the polished samples showed that all the samples similarly possessed 
heterogeneous microstructures with numerous particles of red mud and unreacted fly ash. The line 
elemental scanning results of all the tested samples confirmed that major reaction product was C-
S-H with Al substitution.  
10. In the elemental mapping results on raw red mud and red mud treated with NaOH, there were 
significant changes in the elemental distributions of Ca, Ti, and Fe after adding NaOH; all of these 
elements were widely dispersed and it would be more advantageous to have a rapid reaction. This 
suggests that adding NaOH into red mud slurry helped the elements of the red mud to be well 
dispersed; as a result, strength development at early age could be enhanced through improved 
reaction degree.  
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11. Trial bricks were prepared using a representative mixture, RM2840N5, to examine a possible 
toxicity of produced brick product using the TCLP test. All targeted toxic elemental concentrations 
were significantly lower than the required concentrations.  
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